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OlAPTER  I 


lOTRDDUCnON 

Althcxjgh  the  ring  resonator  has  been  investigated  in  several 
ways,  the  unstable  ring  resonator  with  inhcncgeneously  broadened  gain 
medium  hats  not  been  fully  explored.  ’Ihe  reverse  mode  st^ression  in  a 
homogeneously  broadened  gain  medium  was  investigated  by  Freiberg 
utilizing  a  sv^ression  mirror.  In  both  of  Freiberg's  stvtdies,  the 
gain  medium  weis  carbon-dioxide  (CDa)  which  weis  hoccgeneously  broadened. 

Ihe  objective  of  this  thesis  is  to  explore  reverse  wave 
suppressicxi  in  an  unstable  ring  rescxjator  using  a  helium-xenon  (He-Xe) 
gas  mixture  which  is  ihhcxnogeneously  broadened.  Ihe  laser  wavelength 
was  3.5  vm.  During  the  experiment,  the  optical  feedback  technique  of 
reverse  mode  suppression  was  examined.  Several  meeisurements  were 
taken: 

(1)  measurement  of  the  relative  pcjwer  levels  in  forward  and 
reverse  waves  with  and  without  suppressor  mirror; 

(2)  measurement  of  relative  pcwer  levels  in  forweurd  and 
reverse  wave  with  strong  and  weak  coupling  from  reverse 
wave  to  forward  wave. 

A  oonparison  of  the  in-plauie  oonfiguration  emd  the  off-plane 
configuration  for  the  elimination  of  astigmatism  was  also  studied. 

Near  field  and  far  field  pictures  were  t2Jcen.  The  Doppler-broadened 
medium  effect  on  the  mode  spectra  is  also  discussed. 
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1.1.  History 

nie  advantages  of  the  unstable  resonator  were  first  pointed  out 
by  Siegman  in  1965  [!]•  He  pointed  out  that  the  diffraction  losses  for 
practical  unstable  resonators  may  be  i£>erul  for  transverse  node 
control.  Since  then,  the  unstable  resonator  h2is  found  extensive  wise  in 
many  high  energy  lasers,  for  instance,  carbon  dioxide,  carbon  monoxide, 
hydrogen  fluoride,  krypton  fluoride.  A  tutorial  review  of  the  isistable 
resonators  is  given  by  Steier  C23* 

The  concept  of  a  laser  enplcying  an  unstable  ring  resonator 
geometry  was  first  discussed  in  literature  by  Anan'ev  in  1969  [3]. 

Since  that  time,  Freiberg  [4]  has  done  extensive  studies  on  the 
unstable  ring  resonator.  He  used  a  carbon  dioxide  laser  gas  mixture  as 
the  gain  medium,  which  was  homogeneously  broadened.  In  his  later 
studies  [5,6],  he  investigated  the  reverse  mode  suppression  by  either 
enplqying  a  mode  volume  discrimination  scheme,  or  using  a  sw^ipressor 
mirror.  In  both  cases,  Freiberg  [5,6]  used  a  carbon  dioxide  gain 
medium. 

A  stable  ring  rescxiator  with  inhomogeneously  broadened 
helium-neon  gas  mixture  was  investigated  by  F.  R.  Faxvog  [7,8]. 

Althcxigh  these  studies  have  been  {jerfcirmed  on  unstable  homogeneously 
broadened  ring  lasers  and  on  stable  inhomogeneously  broadened  ring 
lasers,  the  properties  of  the  inhomogeneously  broadened  unstable  ring 
laser  have  not  previcxisly  been  obtained.  Such  research  will  inprove 
the  current  understanding  of  ring  laser  physics. 
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1»2.  Hie  Advantages  of  the  Unstable  Resonator 

Stable  resonators  have  several  ir^x^rtant  limitations.  For 
stable  resonators,  a  low  gain  lasing  medium  can  be  used.  Since  the 
light  rays  of  a  laiser  mode  are  trapped  between  the  sxnrfaces  of  the 
resonator  mirrors,  rays  do  not  walk  out  past  their  edges.  The  output 
from  the  laser  is  transmitted  through  a  partially  transmitting  mirror. 
To  produce  a  diffraction-limited  output  beam,  the  Fresnel  nxmiber,  or 
the  number  of  Fresnel  zones  in  the  limiting  aperture  of  the  laser  must 
be  on  the  order  of  unity  or  smaller,  which  usually  limits  the  diameter 
of  the  leiser  gain  medium  to  a  few  millimeters.  These  factors,  the 
transmissive  cptlcal  elements,  the  low  Fresnel  number,  and  the  small 
gain  region  diameter,  zdl  limit  the  applications  of  stable  resonators, 
so  it  is  important  to  study  unstable  resonators. 

The  unstable  resonators  frequently  Ccin  offer  better 
performance.  For  a  laser  system  characterized  by  at  least  moderate 
growth  or  amplification  per  pass  (50%  per  pass)  and  by  a  Fresnel  number 
greater  than  isiity,  the  preferred  laser  cavity  will  usually  be  an 
unstable  rescxiator.  For  any  such  laser  system,  at  any  power  level, 
provided  only  that  the  optical  quality  of  the  laser  medium  itself  is 
not  extrenely  poor,  the  unstable  resonator  provides  the  most  practical 
method  for  obtaining  nearly  ocznplete  energy  extracrticn  from  the  laser 
medium,  cczihined  with  high  beam  quality.  Hence,  the  unstable  resonator 
is  a  gcx3d  candidate  in  many  ^plications. 

In  general,  eus  presented  by  Siegman  [9],  unstable  resczators 


have  several  advemtages: 


1.  unstable  resonators  can  have  a  large  mode  volume  even  in  a 
short  resonator. 

2.  The  unstable  configuration  can  be  readily  adapted  to 
adjustable  diffraction  output  coupling. 

3.  Analysis  indicates  that  unstable  resonators  have  substan- 
ticd.  discrimination  against  higher  order  transverse  modes. 

4.  Unstable  resonators  usually  use  reflective  optics  only, 
t^ch  have  less  stringent  laser  damage  requirements  than 
the  tTcinsmissive  optics  vMch  are  used  in  conventional 
stable  resonators. 

In  summary,  the  principal  drawback  of  the  unstable  resonator  is 
that  it  can  only  be  enployed  with  high  gain  lasing  media,  while  a  loi^ 
gain  medium  can  be  i^sed  in  a  stable  resonator.  However,  the  unstable 
resonator  is  superior  to  the  stable  resonator  for  many  afplicaticns,  so 
it  is  ijrportant  to  develop  an  understanding  of  its  properties. 

Unstable  resonators  can  be  divided  into  two  classes:  the 
standing-wave  unstable  resonators  and  the  traveling-wave  unstable 
resonator,  or  the  unstable  ring  resoiator.  Although  the  stcmding-wave 
unstable  resonator  has  many  applications,  the  unstable  ring  resonator 
has  certain  advantages.  A  discussion  follows  in  the  next  section. 

1.3.  Advantages  of  Unstable  Ring  Resonator 

In  contrast  to  unstable  standing-wave  resonators,  the  unstable 
ring  resonator  can  support  two  weakly  coupled  intracavity  traveling 
waves  of  different  mode  diameters  which  propagate  in  opposite 
directions  within  the  ring  geometry. 
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Ring  rescnators  are  of  interest  for  several  reasons: 

(1)  In  unstable  standing-wave  resonators/  there  are 
necessarily  two  traveling  waves  going  in  the  positive  and  negative  Z 
directions  simultaneously.  In  a  ring  resonator,  by  using  the  node 
yolvnne  discrimination  scheme  or  by  using  a  suppressor  mirror  to 
suppress  the  reverse  vave,  a  unidirectional  traveling  wave  can  be 
obtained. 

(2)  An  unstable  standing-wave  resonator  with  a  long  gain 
region  usuadly  requires  a  long  radius  mirror  eis  a  feedback  mirror, 

%^ch  makes  it  difficult  to  have  good  mode  control.  In  an  asymmetric 
unstable  ring  resonator,  which  will  be  discussed  in  more  detail,  there 
is  greater  design  flexibility  to  use  ^rter  radius  mirrors,  vAuch 
makes  the  resonators  easier  to  edign  curvi  causes  them  to  be  less 
sensitive  to  wavefront  aberrations  introduced  by  the  gain  medium. 

(3)  In  unidirectional  ring  resonators,  it  is  easier  to  correct 
%<ave  aberrations  by  using  adaptive  optics  (for  exasple,  deformable 
mirrors)  than  it  is  in  standing-wave  resonators. 

Since  unstable  ring  resonators  have  the  advantages  discussed 
above,  a  detailed  study  of  their  properties  is  an  inportant  contribu¬ 
tion  to  the  field  of  laser  physics. 


C3JAPIER  II 


UEORy 

Ihe  basic  ring  resonator  theory,  including  the  definitions  of 
terms,  will  be  given  in  section  2.1  of  this  diapter.  Ihe  theory  of 
reverse  mode  suppression.  Which  is  the  main  subject  of  this  thesis, 
will  be  discussed  in  detail  in  section  2.2.  Ihe  mode  oonpetition  in  a 
Doppler-broadened  medium  will  be  discussed  in  section  2.3.  In  secrtion 
2.4,  the  geometric  prc^ierties  of  the  forward  and  reverse  waves, 
including  the  beam  diameters  at  several  apertures,  and  the  mcde  volumes 
over  the  gain  region,  are  derived  and  given. 

2.1.  Basic  Resonator  Theory 

Before  explaining  resonator  theory,  some  terms  must  be  defined. 
As  the  oonfocal  ring  resonator  will  be  discussed  throughout  the  entire 
thesis,  the  oanfoc£d.  ring  resonator  is  defined  first.  Positive  and 
negative  branch  ccxifoced  rings,  and  symmetric  and  asymmetric  ccxifocal 
rings  will  also  be  defined. 

As  shown  in  Fig.  1  and  Fig.  2,  the  oonfocal  ring  resonator 
contains  a  ccxifocal  telesccpe  in  the  ring.  "Confocal"  means  the  focal 
points  of  tlie  two  curved  mirrors  in  the  ring  are  cx^incident. 

Resonators,  both  stable  and  unstable,  are  usually  described  in 
terms  of  two  parameters  g^  and  ^2’ 

gj  •  1  -  (L/R^),  -  1  -  iU\) 


(1) 


Flgur*  2.  Ring  wonator  ocnfigxiraticns. 

(a)  Fositlw  brand!,  ayanetric  ring  resonator, 

(b)  positive  brand!,  asymstric  ring  resonator 

(c)  negative  brand!,  eysnoetric  ring  resonator, 

(d)  negative  brand!,  asynnetric  ring  resonator 


Whar*  L  Is  ths  pacing  bstwecn  ths  curved  nirrors  in  stable 

resonators  or  tzistable  standing-^ve  resonators.  For 
unstable  ring  resonators,  L  is  the  periaeter  of  the 
ring.  and  R2  are  the  radii  of  curvature  of  the 
curved  mirrors. 

R^,  R2  ■  radii  of  curvature  of  the  mirrors  (R^  and  R2  are 
positive  for  concave  mirrors). 

Stable  resonators  satisfy  the  ocnditicn: 

0  <  8ig2  <  1  (2) 

Uistable  resonators  satisfy  the  condition: 

glg2  <  0  or  gig2  >  I  (3) 

Bar  a  oonfocal  ring,  if  g^  <  0  and  g^  <  0,  then  it  is  a 
negative  brand:  resonator;  if  >  0  and  92  >  0,  tiien  it  is  a  positive 
torandi  resonator.  R  negative  branch  oonforvil  ring  resonator  always  has 
an  intracavity  focus,  vhidi  my  make  it  undesirable  for  hi^  power 
lasers. 

Ihe  positive  branch  synaietric  ring  is  ahcMn  in  Fig.  2(a) ;  its 
asysmetric  analbg  is  shown  in  Fig.  2(b).  Figures  2(c)  and  2(d)  are  the 
nBgative>^ranch  oounterparts  of  Figs.  2(a)  and  2(b),  respectively. 

These  figures  clearly  show  the  difference  between  the  two  rings.  Both 
die  aymmetrlc  and  asyoBMtric  ring  resonators  have  two  parts,  that  is, 
the  unooUimted  part  goes  oounterclockwise  from  R^  to  R2,  and  the 
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oollinated  part  covers  the  rest  of  the  ring.  B3wever«  the  main 
difference  between  the  syinnetric  and  asyssnetric  resonator  is  that  the 
ooUijDated  and  the  uncollimated  parts  of  a  symmetric  resonator  have 
equal  lengths,  while  the  collimated  and  uncollimated  parts  of  an 
eisymmetric  resonator  have  different  lengths.  The  name  "symmetric  ring 
resonator"  derives  from  the  property  that  at  a  given  distance  from  the 
scraper  mirror  in  the  counterclockwise  (OdV)  direction,  the  forw2urd 
beam  is  the  same  ais  the  reverse  beam  at  that  distance  from  the  scraper 
mirror  in  the  clockwise  (GV)  direction. 

2.2.  Theory  of  Reverse  Mode  Suppression 

A  ring  resonator  can  sustain  two  traveling  waves  going  in 
opposite  directions.  Only  the  forward  out-oovq>led  wave  is  useful.  The 
reverse  wave  competes  with  the  forward  wave  for  the  laser  gain,  and  in 
some  instances  it  may  cause  unacceptable  thermal  loading  on  optical 
elements.  Hence,  svqpression  of  the  reverse  wave  is  usually  desirable. 

It  is  possible  to  suppress  the  reverse  wave  of  son  asymmetric 
confocal  ring  laser  by  making  use  of  the  principle  that  the  reverse 
wave  is  not  collimated  anywhere  in  the  resonator.  Therefore,  the  gain 
cell  can  be  put  over  a  section  Where  the  ratio  of  the  forward  wave  mode 
volume  (Vp)  to  the  reverse  mode  volume  (V^)  is  the  largest  to  maximize 
the  ratio  of  the  forward  wave  power  (P  )  to  the  reverse  power  (P  )• 

I*  K 

This  principle  can  be  understood  easily  by  looking  at  Fig.  3. 

In  addition  to  the  mode  volvane  difference  between  forward  and 
reverse  waves,  another  technique  is  to  esploy  a  suppressor  mirror  ihich 
is  illustrated  in  Fig.  4.  The  reverse  wave  first  gets  scraped  out  by 
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the  scraper  mirror  (S).  hits  the  suppressor  mirror  (M^}»  is  reflected 
back  to  the  scraper  mirror .  and  then  is  reflected  back  into  the  forward 
direction.  Hence,  during  the  buildup  of  the  fields,  the  forward  wave 
will  grow  feister  because  of  the  contributicn  from  the  feedback  of  the 
reverse  wave.  Ihis  effect  will  enhance  the  reverse  wave  suppression 
caused  by  the  mode  volume  differeice. 

The  effect  of  the  suppressor  mirror  sends  the  reverse  wave  into 
the  forward  direction,  and  mode  matches  the  reflected  reverse  wave  with 
the  f oxford  wave.  Since  the  outcot^led  wave  in  the  forward  direction 
is  collimated,  the  mode  matching  oonsideration  requires  that  the 
returned  portion  of  the  reverse  wave  must  edso  be  collimated.  Hence, 
both  the  location  and  the  radius  of  the  sixppressor  mirror  would  affect 
the  radius  of  curvature  of  the  wavefront  of  the  feedback  reverse  wave. 
However,  according  to  Freiberg's  £6]  experimental  data,  the  reverse 
mode  suppression  is  not  unduly  sensitive  to  mirror  curvature  and 
location. 

In  sunmary,  it  is  desirable  to  do  an  investigation  of  reverse 
wave  si^ression.  Sw^pression  can  be  obtained  by  using  the  mode  volume 
discrimination  technique,  and  then  enhanced  ^  esploying  a  suppressor 
Bkirror. 


2.3.  Mode  Ocmpetition  in  a  Doppler-Broadened  ttedium 

Mode  competition  has  a  significant  effect  on  the  mode  spectrum. 
A  discussion  of  the  effects  of  a  Doppler-broadened  medium  on  the 
forward  and  reverse  mode  spectra,  and  on  the  reverse  wave  suppression 
is  given  in  this  section. 
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A  mathenatical  treatment  of  the  mode  spectra  is  given  here, 
ftr  a  ring  laser,  in  the  forvard  direction,  the  resonance  condition  is 

kv  »  Uj  -  Uq  (4) 

nAiere  v  ■  velocity  of  atcDs, 

uo  is  the  center  frequency  of  the  gain  curve,  and 

(1)2  is  the  laser  cavity  mode  frequency. 

For  the  reverse  %iiave, 

kv  ■  (00  -  (oi'  (5) 

%4)ere  (o;'  is  the  laser  cavity  frequency  in  the  reverse  dire(rticn. 

Hence,  there  are  two  modes  in  either  direction  ocinpeting  with  the  same 
velocity  gro^p  of  atoms,  one  on  either  side  of  uq. 

Mirror  nodes  are  two  nodes  with  frequencies  ui,  u>2{<^2  >  <^i) 
satisfying  U2  2uo  -  (o^,  where  (oq  is  the  center  frequency  of  the  gain 
curve.  Since  a  pair  of  oppositely  traveling  mirror  modes  are  resonant 
with  the  same  atoms,  it  is  to  be  expected  that  the  mode  with  lower  loss 
trill  tend  to  suppress  the  other. 

The  effect  of  the  sc$)pressor  mirror  may  be  included  in  a  set  of 
2n  ooqpled  integrodifferential  laser  rate  equations: 
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l" 

1 


dlT 
_ 1 

dt 


GoJ 


tdiere 

iT  is  the  intensity  of  the  i~th  forward  mode, 
iT  is  the  intensity  of  the  i-th  reverse  node, 


T  =  GflCt, 


Gq  —  Bno/f^  A 


(6) 


»  line-center  snail-signal  gain  in  the  Doppler  limit 

G7  *  total  gain  per  unit  length  in  the  forward  direction 
(denoted  "+")  and  reverse  direction  (denoted 


gj  dv  »  the  gain  due  to  a  grov5>  of  molecules  with  velocity 
between  v  and  v  dv 


tfhere 


BnoW(v)LT  dv 


1  ♦ 


I  CI*l‘  .  IILT) 


a 


kv 


(7) 
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y  •  decay  rate 
w(v)  •  -i-  expt-(y)^3 

A  •  half-width  of  Dealer  distribution  to  point 

♦ 

LT  *»  Doppler-shifted  Lorentzian  resonance  shape 

•=  - - -  (8) 

ir[6^  +  (oj^  -  WQ  ^  v)^] 

6  a  homogeneous  width 

In  the  ooupled  equaticxis,  a  phenomenological  coupling  oonstant,  r,  is 
introduced  to  represent  the  coupling  from  the  reverse  modes  into  the 
forward  modes;  this  cov;pling  constant  includes  the  effect  of  a  reverse 
mode  suppressor  mirror.  Similarly,  r'  is  introduced  to  represent  the 
oowpling  from  the  forward  modes  into  the  reverse  medes  iue  to  processes 
such  as  scattering  from  mirror  surfaces  and  reflection  from  windows. 

Mode  spectra  of  forweurd  and  reverse  waves  in  a  stable 
helium-neon  ring  laser  were  studied  by  Ehxvog  [8],  who  found  that  some 
configurations  of  Doppler-broadened  ring  lasers,  with  si^ressor 
mirrors,  had  longitudinzd.  mode  distributions  that  were  syinnetric  with 
respect  to  line  center.  By  assuming  a  symmetric  intensity 
distribution,  the  steady-state  forward  and  reverse  intensities  can  be 
obtained  by  taking 
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2.4.  Geometric  Properties  of  Fbrward  and  Reverse  Modes 

A  stvdy  of  the  gecoietric  properties  leads  to  the  understanding 
of  the  mode  volume  discrimination  effect.  The  mode  diameters,  at 
several  apertures  in  the  ring,  of  forward  and  reverse  waves  are 


calculated  in  this  section.  The  mode  volumes  of  the  forward  and 


reverse  waves  within  the  gain  region  are  also  cad.culated. 

Figure  5  shows  an  unfolded  ring,  with  the  reverse  wave  moving 
in  the  positive  z  direction.  Point  c  on  the  z-axis  represents  the 
center  of  curvature  of  the  reverse  wave?  S  represents  the  scraper  with 
inner  hole  radiixs  ai;  the  rectangular  box  represents  the  gain  cell 
having  reverse  beam  radii  au  an3  as  on  each  end;  fj  and  fi  represent 
the  two  curved  mirrors,  which  have  beam  radii  a 2  and  33,  respectively. 

To  derive  the  mode  volumes,  several  distances,  62,  ds,  du  need 
to  be  determined  in  terms  of  the  known  factors. 


M  *  aagnification  =  fz/^l 

Li  ■  f 1  +  fa  *  f 1  +  Mfi  =  (M+l)f 1 

fi  “  Iii/(M+1) 

£2  ■  MLi/(bH-l) 


From  the  lens  equation  associated  with  fa. 


1  *  .  JL  .  M  *  1 

dj  ♦  L3  d2  fa  MLj 


(11) 


d2  can  be  deduced  with 


Figure  5.  Geometric  properties  of  forward  and  reverse  waves. 

(Fcjr  convenience  in  labeling^  a  focus  is  shown  between  f^ 
and  S.  Ihe  distance  di,  is  actually  negative  and  no  focus 
exists  in  this  leg  of  the  resonator.) 
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(di  ♦  LaDLiM 

**2  ■  (dj  ♦  L3UM  ♦  1)  -  LiM 


(12) 


and 


ds  «  Lj  -  d^ 

LjCdj  ♦  L3  -  LjM) 

*  (di  +  L3)(M  ♦  1)  -  LiM  * 

From  the  lens  equation  associated  with  £j, 

1  X  JL  -  M  *  1 

-  d3  *  d4  “  fj  Lj  * 

and  d4  can  be  deduced  to  be 
-dj  -  L3  +  LjM 


(13) 


(14) 


(15) 


Hence  ^2'  ^3'  expressed  in  terns  of  the  taiown  factors  M,  Lj,  L3 

and  an  unknown  d^.  However,  this  unknown  factor  dj  can  be  deduced  from 
the  self-consistency  requirement  that  the  center  of  curvature  of  the 
reverse  wave  stays  at  the  same  relative  position  to  the  scraper  after 
one  round  trip,  hence 
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L2  -  d4  *  dj 


(16) 


1  vG*  f 

dj  ♦  L3  “  LjM 

I2  ♦  - - *  dp  (17) 

m2 

and  di  can  be  esqpressed  in  terms  of  L^t  L^i  L^,  which  are  in  turn 
determined  pf  the  equivalent  Frensel  number  consideration,  and  M. 

*Ihe  beam  sizes  on  the  two  miznrors  can  be  obtained  by  using  a 
similar  triangle  relationship. 


ai  a.2 
dj  dj  L3 


(18) 


obtaining 

ai(di  L3) 

*2 - - 

•1 1(1.2  •  L3)M2  -  l,M] 

m  -  . 

L2M2  -  LiM  ■*■13  (19) 


Also, 


*3  da 

*2  di 


(20) 


Obtaining 


“2  *  ^3  " 


L2M2  -  LiM  ♦  La 


Hence  I  beam  sizes  32 «  33  are  esq^ressed  in  terms  o£  the  lox^wn  factors  M 
Lit  L2i  La  and  ai. 

In  the  experimental  setiip,  v^ch  had 


ai  *  1  o&t  M  ^  1*33#  111  ^  350  QDt 


L2  •  217  cm,  I43  «  579  cm. 


a 2  and  33  are  obtained,  for  the  reverse  wave,  as 
a2  ■  !•%  cm 
aa  >  0.88  cm. 

The  forward  mode  volume,  is 


Vp  ■  i»(aiM)2L^ 


t^re 


a^M  *  radius  of  forward  mode  at  the  gain  cell, 

L  *  length  of  gain  cell 
E 

■  124  an. 


V_  ■  688.7  an3. 

F 

In  the  reverse  direction,  d  is  obtained  as 
d,  •  646.8  cm. 
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S^cn  similar  triangle  relationships. 


Si  a4 


$ 


(23) 


and 


ai  as 

IT  *  di  ♦  dg  + 

with  d5  »  400  cm,  a^  and  a^  can  be  calculated  exit  as 
a^  s  1.62  cm,  a^  1.81  cm 
the  reverse  mode  volume  can  be  chained  by 

»  }^[a|(di  >  ds  4  -  aJCdi  *  ds)] 

a  1139.2  cm^ 


(24) 


(25) 


The  reverse  mode  volume  is  much  greater  than  the  forward  mode 
volume.  This  result  is  contrary  to  the  desire  to  have  a  greater 
forward  mode  volume,  to  achieve  reverse  mode  suppression  by  the  mode 
volume  discrimination  technique.  However,  the  experimental  data  still 
showed  a  greater  forward  wave  power.  An  explanation  of  the  data  can  be 
deduced  frem  the  experimental  result  of  KlUver  L103,  vdxo  obtained  a 
higher  gain  in  the  central  region  than  near  the  walls  of  a  gain  cell, 
which  had  a  helium-xenon  gain  medium  running  at  3.5  um.  A  fuller 
ei^lanation  will  be  given  in  Chapter  III,  section  3.4.4. 


CHAPTER  HI 


scpERiMorr 

The  experiment  used  a  Dappler-broadened  helium-xenon  gas 
mixture  as  the  gain  medium.  The  reverse  wave  suppression  phenomenon 
was  investigated  in  the  ejqeriment,  idiich  esployed  an  unstable 
asymnetric  ring  resonator. 

The  basic  properties  of  an  unstable  asymnetric  ring  resonator 
were  discussed  in  the  preceeding  cdmpters.  This  cheqpter  contains 
discussions  of:  the  experimental  set-qp  in  section  3.1;  the  experi¬ 
mental  ocncems  in  sectioi  3.2;  the  optical  design  in  section  3.3;  and 
experimental  results  in  section  3.4,  including  the  measured  power 
levels  in  forward  euid  reverse  vaves,  with  and  without  si^ppressor 
mirror,  and  with  strong  and  weak  covplings  from  reverse  wave  to  forward 
wave.  Near  field  and  far  field  patterns  of  the  forward  and  reverse 
waves  for  both  in-plane  and  off-plane  configurations  will  be  examined. 

3.1.  The  Experimental  Set\g> 

The  basic  structure  of  the  experiment  was  an  unstable 
asysmetric  ring  resonator.  The  initial  resonator  was  an  in-plane 
configuration  as  shown  in  Pig.  6.  The  optical  system  design  was  based 


on  two  considerations: 


Figure  6.  layout  of  inrplane  configuration. 


(1)  Minimal  aberration  —  minimizing  aberrations  by  keeping 
the  incidence  angles  cn  the  two  curved  mirrors  small  while 
simultaneously  staying  in  plane,  and  fitting  into  the 
available  table  space; 

(2)  half  integer  equivalent  Fresnel  nunber  —  arranging  the 
distances  between  mirrors  to  obtain  a  half-integer 
equivalent  fTesnel  mntber. 

The  in-plane  unstable  ring  resonator  was  rather  conplex.  it 
contained  seven  intracavity  mirrors,  as  diown  in  Fig.  6.  The  arrows  in 
this  figure  also  show  the  forward  beam's  path.  The  forweird  direction 
is  defined  from  M2  to  M4.  The  light  ray  in  the  forward  direction 
starts  from  the  scraper  (S),  then  hits  the  flat  mirror  and  follows 
the  path  indicated  by  the  arrows  until  it  returns  to  the  scraper.  This 
path  is  a  round  trip  pass.  Although  most  of  the  mirrors  in  the 
resonator  were  planar,  two  mirrors,  H2  and  M^,  had  a  concave  shape;  M2 
had  a  3-iaeter  radius.  While  M4  had  a  4-iDeter  radius.  M2  and  M4  formed 
a  oonfocal  telesoc^,  inside  the  resonator,  which  collimated  the 
forward  wave,  and  gave  a  1.33  gecmetric  magnification.  The  collimated 
forward  out-oovpled  beam  was  then  focused  by  a  positive  lens,  L^,  with 
100  cm  foced  length  for  power  measurenent  and  mode  spectzxon  analysis. 
This  oonpletes  the  description  of  the  basic  structure  of  the  in-plane 
configuration. 

The  degree  of  aberration  is  an  ispcrtant  assessment  of  a  l£iser 
system.  Since  the  inr-plane  scheme  resulted  in  a  severe  astigmatism  in 
the  forward  wave,  an  off-plane  configuration  as  shown  in  Fig.  7  was 
eoployed.  As  Fig.  7  shows,  the  forward  beam  follows  a  path  indicated 


the  eirrcMS.  The  beeun  soves  awsiy  frco  the  table  between  Mg  and 
during  the  transit  it  passes  through  the  scrapers  and  S2«  The 

travels  downward  toward  the  table  between  Mi  and  M2  with  an  angle 
of  4.5”.  All  of  the  ocn^xnents  were  in  the  same  plane  except  the 
scrapers  Si«  Sa  and  the  plane  mirror  Mi,  v^ch  were  placed  higher.  The 
gain  cell  is  shown  as  a  cross-hatched  rectamgle  in  Fig.  7. 

The  sizes  of  the  mirrors  i^re  not  the  same.  Referring  to 
Fig.  7,  most  of  the  mirrors  had  6'*  diameter,  except  Mi  had  3"  dieuneter. 
The  scrapers  were  copper  mirrors,  %Aiich  had  2.25"  and  2.5"  outer 
diameters  and  0.8"  inner  hole  diameters.  All  the  mirrors  in  Fig.  7  had 
sinrface  figure  better  than  1/4  wave  at  6328  A.  Mj,  M2,  M4,  Mg  were 
quartz  mirrors  with  aluminum  coating;  M^,  M3,  M5,  M7  and  Ms  were  copper 
mirrors.  All  the  mirrors  were  mcmted  on  Aerotech  precision  mirror 
mounts  that  have  tip  and  tilt  kncbs. 

Ebcdi  mirror  had  a  specific  function.  M2  and  M4  formed  a 
oonfocal  telescope;  M^  was  the  reverse  wave  si:ippressor  mirror,  vAiich 
was  concave  with  a  2-ffleter  radius,  located  30  cm  away  from  the  reverse 
scraper  mirror.  The  suppressor  mirror,  M^,  functioned  to  redirect  the 
reverse  wave  bach  into  the  forward  direction  to  achieve  the  reverse 
suppression.  Mi,  M3,  M5,  and  Mg  were  the  turning  flat  mirrors  to  fold 
the  resonator's  shape,  so  that  it  could  fit  into  the  table  space.  The 
scraper  mirrors.  Si  and  S2,  functioned  to  outcouple  the  forward  wave 
and  the  reverse  wave.  The  outcoupled  reverse  wave  was  then  saspled  by 
using  a  3"-diameter  calcium  fluoride  (CaF2)  window  as  the  beamsplitter. 
Furthermore,  the  saspled  reverse  wave  was  focused  by  using  a  positive 
lens,  L2,  %<ihicdt  heul  50  cm  focad.  length.  Both  Lj  and  L2  were  glass 
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lenses  Which  had  sufficient  transmittance  at  the  operating  wavelength 
3.5  vm. 

Die  gain  nadium  was  a  heliuio-xencn  gas  mixture,  usually  used 
with  10  millitorr  of  xenon  gas  and  1  torr  of  helium  gas.  Ihe  laser 
transition  was  the  Xe  3.5  um  line. 

During  the  experiment,  a  NPC  536  pusping  station  and  an  RF 
Power  Lab.'s  linear  asplifier  were  \ised.  The  power  supply  system  anl 
the  laser  evacuating  and  filling  system  are  schematically  shown  in  Fig. 
8.  The  NRC  536  pumping  station  gave  vacuum  up  to  10'^  torr.  The  gain 
medium  was  pmped  by  radio  frequency  power  supplied  by  a  RF  Power 
Lab.'s  model  ML  500  Broadband  HF  asplifier.  The  rf  asplifier  can  put 
out  up  to  400  watts  CW  at  27.5  Wiz.  The  gain  cell  was  a  4  cm  diameter, 
124  cm  length  cylindrical  quartz  tube,  with  calcium  fluoride  (CaF^) 
windows  on  each  end.  The  rf  radiation  was  first  input  to  a  Drake 
MN2700  matching  network,  and  then  was  transmitted  to  the  gedn  cell 
through  a  dipole  euitenna.  A  pair  of  brass  strips,  which  served  as 
electrodes,  were  wraped  around  the  gain  cell  and  were  connected  to  the 
dipole  antenna.  The  rf  energy  then  excited  the  gain  medium  and  thus 
stimulated  the  laser  treunsition. 

Some  diagnostic  instruments  were  esplpyed  in  the  experiment.  A 
Burleigh  Instruments  oonfocal,  Fabry-Perot  interferometer  model  CTT-500P 
was  used  to  examine  the  laser  mode  spectra.  It  scanned  the  mode 
spectrum  by  applying  a  raup  voltage  to  a  PZT  mounted  cn  the  fixed  end 
mirror.  The  rasp  voltage  was  supplied  a  Burleigh  RC-^3  I^mp 


Generator. 


t 
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Figure  6.  The  laser  gas  evacuating  aix3  filling  system,  and  the  rf 
power  supply  system. 


The  detector  for  the  laser  radiation  was  an  indiuD-antinonide 


detector  cooled  to  liquid  nitrogen  tenperature.  Its  output  was  first 
input  to  a  preanplifier,  and  then  %as  sent  to  a  lock-in  amplifier  for 
power  measurement.  An  oecilloscope  and  a  Fabry-Perot  inter ferocieter 
were  used  for  mode  spectrm  cbservaticn. 

An  ISl  Grovp  infrared  image  camera  was  esployed  to  take  thermal 
images  of  forward  and  reverse  wave  intensity  patterns.  The  image  was 
then  sent  to  a  TV  monitor  and  a  three-dimensional  image  analyzer  for 
viewing  the  intensity  patterns. 

This  section  concludes  the  discussion  of  the  resonator  and  all 
the  other  equipment,  which  include  the  optical  elements,  the  gain 
medium,  the  vacuum  puicp,  the  power  supply  system,  and  the  diagnostic 
instruments.  However,  several  problems  with  the  layout  and  equipment 
were  encountered  when  running  t}^  experiment.  Ihese  problems  are 
discussed  in  next  section. 

3.2.  Experimental  Ooncems 

The  aberrations  of  a  laser  beam  eure  undesirable  because  they 
prevent  the  laser  beam  from  being  focused  to  a  diffraction-limited 
spot.  Furthermore,  as  the  aberrations  increase,  the  amount  of  leiser 
beam  energy  distributed  off-axis  also  increases;  consequently,  less 
energy  is  fedback  to  the  resonator.  This  lower  feedback  leads  to  a 
lower  efficiency  of  the  laser.  Thus,  the  aberrations  are  an  isportant 
concern.  Furthermore,  the  rf  noise  and  gas  refilling  prc±>lems 
encountered  during  the  experiment  are  discussed  in  this  section. 
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Ibr  the  in-plane  ccnfiguration  as  shown  in  Fig.  6t  a  program 
was  developed  for  a  Hewlett-Packard  desktop  occiputer  model  HP9845A,  to 
optimize  the  ^tem  based  on  the  half  integer  equivalent  Fresnel  number 
consideration.  During  the  experiment,  the  aberrations  were  minimized 
by  keeping  the  incident  angles  low  (<4*).  These  minimal  angles, 
however,  did  not  give  a  well-focused  far  field  pattern;  instead,  it  was 
clearly  astigmatic.  An  off-plane  configuration  was  then  used  as  shown 
in  Fig.  7.  This  scheme  oocpensated  the  astigmatism  with  an  increase  of 
ooma.  The  oonpensaticn  was  achieved  when  astigmatism  introduced  in  the 
two  axes  nearly  cancelled.  Although  the  coma  increased,  it  did  not 
increase  as  fast  as  the  astigmatism  with  angle,  so  the  coma  was  more 
tolerable. 

In  midition  to  the  aberration  ocncem,  the  rf  radiation  that 
was  used  to  punp  the  active  medium  leaked  out  emd  interfered  with  every 
electronic  instrument.  The  leakage  was  not  eliminated  until  the 
shielding  was  extended  to  entirely  enclose  the  matching  network,  the 
antenna,  and  the  gain  cell  with  the  electrodes.  All  the  ocnnections 
were  soldered.  Through  these  efforts,  the  rf  noise  was  stopped. 

The  gas  refilling  problem  weis  encountered  v^ien  the  laser 
stopped  lasing.  This  problem  occurred  because  the  helium  gas  in  the 
filling  pipe  leaked  into  the  pipe  holding  the  xenon  gas,  thus  requiring 
the  evacuaticxi  of  the  gases  in  the  pipes  and  refilling  with  clean  gases 
periodically. 

After  solving  these  problems,  the  laser  system  vxsrked  well. 
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In  sections  3.1  and  3.2,  the  basic  structures  of  both  in-plane 
and  off-plane  scenes  and  the  reason  W)^  the  off-pleme  configuration 
%<as  required,  have  been  discussed.  In  this  section,  the  resonator 
design  equations  used  in  the  oonputer  program  and  algorithm  of  the 
program,  are  given. 

Before  obtaining  the  desired  )^f  integer  it  is  expressed 


as 


I  .  _ --i)  -- 

2A[MLi  ♦  ♦  L3] 


(26) 


vihere 

a  «  radius  of  the  scraper  hole 

Li  =  (R2  +  ^)/2 

M  »  -  (R4/R2) 

•  gecBietric  magnification 

L  «  total  length  of  the  optical  resonator 

^  (Speed  of  liqht)x(num^  of  modes) 
Tnhcmogeneous  linewidth  of  the  gain  medium 

Since  the  inhomogeneous  linewidth  of  He-Xe  is  about  100  MHz, 


L  e  (3  •  10°  m)  X  (n) 
10® 


■  3n  (meters). 

Suppose  we  desire  a  4-mode  laser,  then 
n  ■  nusber  of  modes  *  4  . 


L  ■  12  aeters. 


The  mirrors  that  were  used  have  radii  of  curvature  B2  ■  3  meters. 

R4  •  4  meters. 

M  •  -  R4/R1  ■  -  1‘33 
L  «  ’5(3+4)  ■  3.5  meters. 

The  wavelength  of  the  laser  is  X  >  3.5xl0~^  meter.  TO  obtain  the 

desired  a  oomputer  program  was  developed  to  increase  L2  or  L3  each 

cycle  by  an  increment  starting  with  zero.  For  each  length  was 

evciluated.  Ihe  calculation  was  stopped  when  a  value  of  L2  or  L3 

resulted  in  a  value  for  2  that  was  close  to  an  odd  integer.  The 

significances  of  L2  shown  in  Fig.  9,  vdiich  is  a 

sinplification  of  the  rings  in  Fig.  6  or  Fig.  7. 

The  design  that  was  used  has  L]  <>3.5  m,  “  t.4  m, 

L3  ^  2.1  m,  a  »  1.5  cm,  X  -  3.5x10* ^m.  These  constants  make  N  equal 

eq  ^ 

4.5.  However,  the  design  did  not  result  in  a  well-focused  ^X3t  from 
the  forward  wave,  so  the  off-plane  ccopensation  technique  was  enployed. 

The  main  difference  between  the  designs  deleted  in  Figs.  6  and 
7  is  the  position  of  M^.  It  was  in  the  same  plane  as  the  other  optical 
ocBiponents  in  Fig.  6.  Then  it  was  changed  to  a  position  oollineeu:  with 
M2  and  M3,  and  was  higher  th2ui  M2  and  in  Fig.  7.  This  slant  path 
introduced  some  astigmatism  in  the  y-direction  which  compensated  the 
astigmatism  in  the  x-direction. 

The  calculated  lengths,  L^,  L3,  were  e^lied  to  the 

in-plane  configuration.  A  similar  design  used  in  the  off-plane 
oonfiguraticn.  Results  are  given  in  the  next  section. 
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3.4.  Experimental  Results 

Reverse  vave  suppression  by  employing  a  suppressor  mirror  was 
achieved  in  the  experiment.  Ihe  power  meeisured  in  forward  and 
reverse  waves,  with  and  without  the  svppressor  mirror,  are  given  in 
Table  1.  The  output  power  measurements  with  strong  and  weak  ooupling 
from  reverse  to  fonord  waves  are  also  given  in  Table  1.  The  near 
field  and  far  field  patterns  of  the  toward  amd  reverse  waves  aure  given 
in  Hg.  10.  The  ocxtparison  of  the  far  field  patterns  for  in-plane 
scdieme  and  off-plane  schemes  is  shown  in  Fig.  11. 

3.4.1.  The  Power  Level  Measurement  and  the  Degree  of  Suppression 

As  shown  in  Table  1,  the  forward  and  reverse  power  levels  were 
measured,  with  and  without  the  suppressor  mirror,  with  and  without  a 
germanium  attenuator,  at  four  pumping  powers,  90,  100,  110  and  120 
viatts. 

The  germanium  attenuator  was  an  unooated  flat  with  30%  single 
pass  transmission,  or  90%  double  pass  attenuation  at  3.5  It  was 
inserted  between  the  reverse  wave  CaF2  beamsplitter  and  the  suppressor 
mirror.  Mhen  the  germanium  flat  was  in,  the  reverse  wave  was 
redirected  back  into  the  forwcurd  direction  as  weak  oocpling.  Without 
the  Ge  flat,  the  forward  wave  power  increased  with  about  the  same 
degree  as  the  suppression  of  the  reverse  wave  power  at  each  pusping 
power  level  excep>t  the  120  watts.  After  the  Ge  attenuator  was 
inserted,  no  power  difference  was  observed  in  the  reverse  wave. 
However,  a  significant  amount  of  difference  was  observed  with  and 
without  the  suppressor  mirror.  Therefore,  the  weak  ooupling  from 


11.  Ccqparison  of  field  patterns  for  xn-pl2uie  and  off-plane 
ocnf igurations . 

(a)  Is  the  near  field  and  (b)  the  corresponding  far  field 
pattterns  for  the  in-plane  ring.  The  corresponding 
patterns  for  the  off-plane  ring  (c)  and  (d)  demonstrate 
excellent  astignatic  correction. 
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revsrse  to  forviatd  vave  did  not  mispress  the  reverse  wave,  tut  added  to 
the  forward  power. 

The  Deter  on  the  lock-in  asplifier  fluctuated  about  10%  vhen 
neasuring  power  levels.  This  fluctuation  indicates  that  the  forward 
and  reverse  wave  powers  were  drifting.  Different  runs  of  the  laser 
usually  gave  different  power  levels  at  the  sane  punping  power  level. 

The  power  levels  also  decreased  with  run  time.  This  explains  at 
110  watts  punping  power,  without  the  svppressor  mirror,  the  forward 
wave  power  with  Ge  was  lower  than  that  without  Ge.  The  forward  wave 
power  was  measured  at  different  punping  powers  first,  then  the  reverse 
powers  at  different  punping  powers  measured,  and  as  the  power 
drifted,  this  might  have  caused  the  reverse  wave  power  to  be  higher 
than  the  forward  wave  power  at  110  watts  punping  power.  In  any  case, 
the  forward  and  reverse  wave  power  had  about  the  same  value,  as  can  be 
seen  in  T^le  1. 

3.4.2.  Near  Field  and  Far  Field  Patterns 

Figure  lO(a-d)  are  the  pictures  of  the  near. field  and  magnified 
far  field  patterns  for  the  forward  and  reverse  waves  individually.  The 
near  field  patterns  of  both  forward  an3  reverse  waves  have  rather 
uniform  intensity  distributions  over  ttie  annular  beam.  The  far  field 
patterns  do  not  show  astigmatism  because  of  the  off-plane  oonpensation 
scheme. 

Figure  ll(a,b)  shows  the  near  field  and  far  field  patterns  of 
the  forward  wave  for  the  in-plane  configuration,  the  magnified  far 
field  pattern  was  very  clearly  astigmatic,  Which  demonstrates  the 
■ucoess  of  the  off-plane  ooopensation  scheme. 


Power  levels,  the  degree  of  increase  in  forward  wave  and  degree  of  suppression  in  reverse  wave,  with 
and  without  suppressor  mirror,  with  strong  and  weak  coupling. 
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3.4.3.  The  Mode  ^actrvnn  Measureaient 

Figure  12 (a, b)  shcM  oscilloscope  txaces  of  the  forward  node 
structure,  obtained  by  using  the  ocnfocal  F&hry-Perot  interf ercoeter . 

Figure  12(a)  is  a  fast-scan,  at  100  ns  scanning  tine  on  the 
PZT,  lowing  5  repetitive  peaks  over  the  whole  scan.  The  free  spectral 
range  of  the  inter ferooeter  is  the  range  between  two  adjacent  peaJcs, 
tibidi  is  150  MHz.  Each  peak  had  about  10  bfiz  half-intensity-full- 
width.  The  slanted  line  on  the  lower  half  of  the  picture  weis  the  rarp 
voltage  applied  to  the  FZT. 

Figure  12(b)  depicts  a  slow-scan  with  5  seconds  scanning  tine 
on  the  PZT.  Slow  scanning  also  mde  the  rasp  voltage  line  on  the  top 
look  nearly  horizontal,  except  for  the  left  position,  t^ch 
corresponded  to  the  fast  return  of  the  PZT.  The  three  peaks  on  the 
bottom  resulted  from  the  fast  return.  The  rest  of  the  picture  reveals 
some  vague  spectral  information  between  two  adjacent  peaks  in  Pig. 
12(a).  The  zig-zag  shape  may  represent  the  fine  structure  of  the 
spectrum.  However,  since  this  was  not  obtained  with  isotopically  pure 
xenon  gas,  the  zig-zag  may  be  fluctuation,  noise,  or  isotopic  effects. 
Another  scan  of  the  laser  output  is  shown  in  Fig.  12(c).  A  two-seccnd 
scan  time  was  used. 

3.4.4.  The  Mode  Voliane  Effect 

The  mode  volumes  were  calculated  in  Oiapter  II,  section  2.4. 

The  reverse  node  volume  was  1139.2  ca^,  «hich  was  greater  than  the 
forward  mode  volume,  688.7  cm^.  The  reason  i<Aiy  the  reverse  mode  volume 
was  greater  than  the  forward  mode  volune,  tdii^  was  contrary  to  what  we 
desired,  was  because  of  the  oonstraints  ioposed  the  tight  table 
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ipace.  Nevertheless,  the  fcrward  wave  still  had  a  greater  ou^t  pcswer 
than  the  reverse  wave.  This  result,  as  discussed  before,  can  be 
explained  by  the  e]^)eris>ents  results  of  Kliiver  [10],  oeasured  the 
gain  variation  across  the  gain  cell,  as  shown  in  Fig.  13.  Kliiver 
demonstrated  that  the  gain  was  higher  in  the  central  region  than  near 
the  walls  of  the  gain  cell,  which  had  a  helium-xenon  gain  wtrfium  with 
xenon  3.5  um  laser  transition. 

As  the  reverse  wave  was  divergent  along  the  gain  cell,  from 
Kluver's  results,  the  reverse  wave  would  have  a  portion  that 
experienced  a  low  gain  near  the  wall.  While  the  forward  wave  was 
collimated  along  the  gain  cell,  with  a  gap  between  its  geometric  edge 
and  the  wall.  This  reasoning  may  explain  vhy  the  reverse  wave  power 
was  smaller  than  the  forward  wave  power,  even  though  the  reverse  mode 
volume  was  greater  than  the  forward  mode  volume.  Because  it  was 
expending  between  the  two  scraper  mirrors,  some  power  was  also  lost  by 
the  reverse  wave  on  the  back  of  the  forward  scraper  mirror. 

The  experimental  results  discussed  above  show  that  reverse  wave 
suppression  was  achieved  even  though  the  reverse  wave  had  a  greater 
mode  volume  than  the  forward  wave,  low  order  transverse  far  fields 
were  observed  in  both  the  forward  wave  and  ttie  reverse  wave.  The  near 
field  intensity  patterns  were  uniform.  However,  the  degree  of 
suppression  was  not  as  good  as  Freiberg,  et  al.  obtained  [6].  This 
lower  degree  of  reverse  wave  svppression  was  probably  due  to  the 
Doppler-broadened  gain  medium. 
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Figure  13.  Gain  variation  across 
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Reverse  wave  si^^ession  mbs  adueved  to  a  certain  degree  in  an 
unstable.  Doppler-broadened  helium-x£»on  ring  laser.  Its  degree  of 
atqppression  vos  50  'v.  60%,  nihidi  is  auch  lOMer  than  that  in  a  hcnoge- 
neously  broadened  unstable  CO2  ring  laser.  With  strong  oocpling  from 
reverse  MBve  to  forward  wave,  by  using  a  2m  radius  sw^ressor  mirror, 
the  degree  of  reverse  vave  suppression  was  approxioately  the  same  as 
the  degree  of  increeise  in  the  forward  wave.  With  weak  ooupling  frcm 
the  reverse  wave  to  the  forward  %«ave  by  Inserting  a  germanium  flat 
between  the  CaF2  beamsplitter  and  the  suppressor  mirror,  in  idudh  the 
germanium  flat  gave  90%  double  pass  attenuation,  the  reverse  wave  was 
not  suppressed  at  all,  and  the  forward  viave  power  was  increased  by 
about  15  'V  30%.  This  increase  resulted  from  the  reverse  wave  power 
being  redirected  into  the  forward  wave.  A  umiformly  distributed  near 
field  pattern  and  a  typical  low  order  transverse  mode  far  field  pattern 
were  observed  in  an  off-plane  configuration.  While  an  eustigmatic  far 
field  pattern  was  observed  in  an  in-plane  configuration.  Althou^  the 
power  aieasurements  were  obtained,  the  mode  spectra  of  forward  and 
reverse  modes  were  not  identified,  further  research  is  desirable. 

Since  a  numerical  solution  of  the  mode  structure  for  an  unstable, 
Doppler-broadened  He-Xe  laser  with  50  modes  was  done  by  A.  H.  Paxton 
CUJ,  an  escperiment  with  more  modes,  e.g.  10  modes  or  20  modes,  would 
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